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etinopathy of prematurity is a vision-threatening disease associated with abnormal retinal vascular development that occurs only in premature infants. 1 Low birth weight and prematurity are strongly associated with an increased risk of the disease. 2 In the Early Treatment for Retinopathy of Prematurity study, the disorder developed in 68% of premature infants born in the United States and weighing less than 1251 g; among infants with the disorder, severe retinopathy of prematurity developed in almost 37%. 1 The incidence of premature births is increasing throughout the world, and with it, retinopathy of prematurity is now appearing in countries with the technology to save preterm infants. Thus, retinopathy of prematurity has become a leading cause of childhood blindness worldwide.
The management of retinopathy of prematurity is evolving. Screening and treatment interventions include frequent retinal examinations of at-risk preterm infants, laser treatment of the peripheral avascular retina in eyes with severe retinopathy of prematurity, and visual rehabilitation (Table 1 and Fig. 1 ). 1, 3 In this article, we review our changing understanding of retinopathy of prematurity, particularly its relation to oxygen use [4] [5] [6] [7] (Table 2 [8] [9] [10] [11] [12] ), and describe current, new, and potential therapies based on mechanistic studies in models relevant to oxygen stresses in preterm infants.
PATHO GENE SIS
During the 70 years since retinopathy of prematurity was initially described by Terry, who used the term "retrolental fibroplasia," 4 our perspective on the condition has changed. We now think that the initial 1942 description may have represented stage 5 retinopathy of prematurity, the most advanced stage of the disease, characterized by total retinal detachment. In addition, the early studies by Michaelson, 5 Ashton et al., 6 and Patz et al., 7 which examined the effects of high oxygen levels in newborn animal models in which the retinas normally vascularize postnatally (unlike human infants, in whom the retina is vascularized at term but not in preterm births), must now be reconsidered in light of advancements in neonatal care. Although these early investigators exposed animals to a high-oxygen milieu similar to that used in the treatment of preterm infants at the time, they did not consider the fact that the newborn animals they studied had healthy lung function. In addition, the oxygen levels used then differ considerably from those currently used in preterm infants. Ashton and colleagues reported that 70% to 80% inspired oxygen delivered continuously for at least 4 days in healthy kittens caused "vaso-obliteration" of the newly formed capillaries 6 ; when the animals were returned to ambient air, a "vasoproliferative" effect was observed. Thus, a two-phase hypothesis of retinopathy of prematurity was developed. 6 Now, with an improved understanding of the disorder from clinical examination and through the use of relevant animal models, the hypothesis has been refined: phase 1 involves delayed physiologic retinal vascular development, and phase 2 involves vasoproliferation (Fig. 2) . Note that the two-phase hypothesis was proposed more than 30 years before the classification of human retinopathy of prematurity according to zone and stage (Table 1 and Fig. 1 and 2 ).
S T UDIE S of MODEL S of r e t inopath y of pr em at ur i t y
It is unsafe (and virtually impossible) to study heterotypic cell interactions and signaling events 
Type of examination

Dilated binocular indirect ophthalmoscopy
Ongoing studies of validation and reliability of retinal imaging as a potential telemedicine alternative for screening by indirect ophthalmoscopy
Classification of retinopathy of prematurity determined in examinations
Zone (area of retinal vascularization)
I: vascularization within a circle centered on the optic nerve, the radius of which is twice the distance from the optic nerve to the macula II: vascularization extending beyond zone I, within a circle the radius of which is the distance from the optic nerve to the nasal ora serrata Under consideration, anti-VEGF agents for stage 3 and plus disease in zone I; additional study needed to determine dose, safety, and type of anti-VEGF therapy* within the human preterm retina that cause the biologic features of severe retinopathy of prematurity. Because many newborn nonhuman mammals complete their retinal vascularization postnatally, animal models were developed to test the role of stresses in preterm infants on the pathogenesis of retinopathy of prematurity. The common neonatal animal models of oxygen-induced retinopathy use varying amounts of oxygen to examine the cellular and molecular mechanisms that drive the progression of pathologic changes in retinopathy of prematurity. All models of oxygen-induced retinopathy have limitations, because the animals in such models are not premature. Nonetheless, these models have substantially enhanced our understanding of the pathogenesis of retinopathy of prematurity. Some current models of oxygen-induced retinopathy involve high levels of oxygenation, similar to those used in the 1940s when retrolental fibroplasia was first described. However, the oxygen stresses in preterm infants have changed greatly since those early days. 4 The mouse model of oxygen-induced retinopathy 13 is the most widely used, because genetically altered transgenic or knockout mice can be used to study the pathways involved in angiogenesis. However, the mouse model has limitations. First, 7-day-old mice are exposed to high oxygen levels continuously for 5 days, which can cause a partial pressure of arterial oxygen (PaO 2 ) of 500 mm Hg or more. 14 The Extremely Low Gestational Age Newborns study 15 tested the hypothesis that preterm infants who had blood gas disturbances on 2 of the first 3 postnatal days of life might be at risk for severe retinopathy of prematurity. That study showed that severe retinopathy of prematurity was more likely to develop in infants with a Birth weight <1500 g, gestational age <30 wk, stage 3 retinopathy of prematurity in zone I or II‖ 0.625 mg bevacizumab in 0.025-ml solution injected into vitreous vs. laser therapy Fewer cases of recurrence of stage 3 retinopathy of prematurity with bevacizumab (4%) than with laser therapy (22%); no significant difference between groups in recurrence of zone II disease; no visual-acuity outcomes (too early to assess)
Conclusions from these trials: treat type 1 retinopathy of prematurity with laser therapy; consider bevacizumab when laser therapy is not possible for zone I, stage 3 retinopathy of prematurity with plus disease PaO 2 in the highest quartile as compared with the lowest quartile. However, the median PaO 2 was approximately 100 mm Hg on day 1 for all stages of retinopathy of prematurity finally analyzed, and on subsequent days, no infant had a PaO 2 level as high as 400 mm Hg. Second, the oxygen level in preterm infants fluctuates on a minute-to-minute basis, but in the mouse model of oxygen-induced retinopathy, oxygen exposure is constant. 16 Finally, the mouse model of oxygeninduced retinopathy causes vaso-obliteration (destruction of newly formed capillaries) in the In retinopathy of prematurity, there is initially delayed physiologic retinal vascular development, resulting in a peripheral avascular area of the retina (phase 1). Later, vasoproliferation in the form of intravitreal angiogenesis can occur at the junction of avascularized and vascularized retina (phase 2). As shown in the lower panel, increased vascular endothelial growth factor (VEGF) induced by hypoxia delays physiologic retinal vascular development by interfering with ordered vascular development; decreased VEGF in high oxygen also delays physiologic retinal vascular development by reducing developmental angiogenesis. EPO denotes erythropoietin, ERK extracellular signal-regulated kinase, HIF hypoxia-inducible factor, IGF-1 insulin-like growth factor 1, MEK mitogen-activated protein-ERK, O 2 oxygen, pAKT phosphorylated protein kinase B, PI3 phosphatidylinositol 3, pJAK phosphorylated Janus kinase, pSTAT3 phosphorylated signal transducer and activator of transcription 3, ROS reactive oxygen species, and VEGFR vascular endothelial growth factor receptor.
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central retina, followed by endothelial budding into the vitreous, and the retinopathy does not resemble that in most cases of severe retinopathy of prematurity seen today (Fig. 3) .
Several current models of retinopathy of prematurity recreate fluctuations in oxygen tension, which is recognized as a risk factor for severe retinopathy of prematurity. [16] [17] [18] The most widely used model of oxygen fluctuations is in the rat, in which oxygen levels fluctuate between 50% and 10% every 24 hours. 19 The advantage of the rat model is that it results in fluctuations in arterial oxygen concentrations in rat pups, the extremes of which mimic measured oxygen levels in infants in whom severe retinopathy of prematurity developed. 16 The rat model recreates the appearance of severe retinopathy of prematurity with delayed physiologic retinal vascular development and subsequent vasoproliferation. The rat model also causes extrauterine growth restriction, another known risk factor for severe retinopathy of prematurity. 20 A limitation of the rat model is that it is relatively difficult to manipulate the rat genome. Thus, most studies of oxygen-induced retinopathy in rats use pharmacologic methods or introduce viral vectors that contain nucleic acid sequences to silence or overexpress genes in order to study signaling pathways involved in the pathogenesis of retinopathy of prematurity. Despite this limitation, the rat model of oxygen-induced retinopathy remains the most clinically relevant model of retinopathy of prematurity, since its biologic features are most like those of severe retinopathy of prematurity in preterm infants (Fig. 3) . The development of the retinal vasculature in humans differs from that in many other mammalian species used as models of oxygeninduced retinopathy. [21] [22] [23] [24] Vasculogenesis in the human infant eye is ongoing until at least 22 weeks of gestation. 25 After that time, it is unknown how retinal vascularization proceeds. On the basis of studies in animals, vascularization has been thought to progress by means of angiogenesis and the extension of existing blood vessels by proliferating endothelial cells that migrate toward a gradient of vascular endothelial growth factor (VEGF). 26 Thus, several reasons support revisiting the two-phase hypothesis regarding the pathogenesis of retinopathy of prematurity in terms of vaso-obliteration and vasoproliferation, as described by Ashton in 1954. In human retinopathy of prematurity, there is first a delay in physiologic retinal vascular development rather than vaso-obliteration, with subsequent vasoproliferation in some infants with severe retinopathy of prematurity (Fig. 2) . Therefore, the delayed physiologic retinal vascular development of phase 1 reflects the zone of human retinopathy of prematurity, and the vasoproliferation of phase 2 reflects stage 3 of human retinopathy of prematurity ( Fig. 1, 2, and 3 ).
SIGNA L ING PATH WA YS IN VOLV ED IN OX YGEN-INDUCED R E T INOPATH Y
We study models of oxygen-induced retinopathy to identify signaling pathways involved in the pathogenesis of the phases of retinopathy of prematurity in order to determine potential interventions in human retinopathy of prematurity. In our discussion of studies in animal models, phase 1 signifies vaso-obliteration in the mouse model of oxygen-induced retinopathy and delayed physiologic retinal vascular development in the rat model of oxygen-induced retinopathy. Phase 2 signifies vasoproliferation in both mouse and rat models of oxygen-induced retinopathy. Pathways affected by oxygen stresses in cell culture and oxygen-induced retinopathy include those involving hypoxia, oxidative signaling, 27, 28 inflammation, 29, 30 and poor postnatal growth or extrauterine growth restriction. 20 Interactions and overlap among the pathways, especially those that involve hypoxia, oxidative signaling, and inflammation, affect angiogenesis and the occurrence of oxygen-induced retinopathy. 31 Other stresses, such as hypercapnia, acidosis, and systemic infection, cause retinopathy in the absence of oxygen stress and have also been studied. 18, 32, 33 In phase 1 retinopathy of prematurity, a concern is that the expressed goal to use strategies that enhance physiologic retinal vascular development might worsen the second, vasoproliferative phase, depending on the timing of treatment. In addition, inhibition of vasoproliferation in phase 2 can lead to persistent avascular retina, which itself can stimulate subsequent vasoproliferation, as evidenced in studies of preterm infant eyes treated with bevacizumab for severe retinopathy of prematurity. 34 
Retinal Hypoxia
Retinal hypoxia is a major inciting feature in rat and mouse models of oxygen-induced retinopathy. Hypoxia leads to stabilization and translocation of hypoxia-inducible factors (HIFs), resulting in transcription of angiogenic genes, including those that encode VEGF, cyclooxygenase, erythropoietin, 35 and angiopoietin 2. the mouse model, prolyl hydroxylase inhibitors administered during phase 1 to stabilize HIFs provided protection against vaso-obliteration and subsequent vasoproliferation in phase 2 37 but did not reduce vasoproliferation if administered during phase 2. 38 VEGF, an important survival factor, 39 is critical for retinal vascular development. However, VEGF causes vasoproliferation in phase 2 in models of oxygen-induced retinopathy, 38,40-43 characterized by blood-vessel growth into the vitreous rather than into the hypoxic avascular retina, which itself produces VEGF. Both the mouse 44 and rat 45,46 models of oxygen-induced retinopathy -especially the latter, in which the peripheral avascular retinal area was measured and VEGF signaling inhibited -have aided in the understanding of the role of VEGF in retinopathy of prematurity. Results of studies in such models led to speculation that "excessive" VEGF signaling not only caused phase 2 vasoproliferation but also appeared to contribute to avascular retina in phase 1. 45, 46 The use of a flt-1 −/− (VEGF receptor 1 knockout) embryonic stem-cell model 47 and subsequent use of VEGF-neutralizing antibodies or VEGF receptor 2 (VEGFR-2) tyrosine kinase inhibitors in the rat model of oxygen-induced retinopathy showed that VEGF signaling through VEGFR-2 caused disordered divisions of endothelial cells and contributed to tortuosity and dilatation of retinal vessels, as seen in plus disease in severe retinopathy of prematurity. 47, 48 It is possible that the resultant disordered angiogenesis might then allow endothelial cells to proliferate outside the plane of the retina into the vitreous and that the inhibition of VEGF would reorient proliferating endothelial cells and facilitate physiologic retinal vascular development. However, the dose is critical. A later study that used a beagle model of oxygen-induced retinopathy showed that a high-dose, high-affinity antibody-based VEGF inhibitor led to persistent retinal avascularization. 49 In other studies in the rat model of oxygeninduced retinopathy, the JAK-STAT (Janus-associated kinase-signal transducers and activators of transcription) signaling pathway was activated by VEGF in phase 1 50 and contributed to delayed physiologic retinal vascular development by reducing the expression of erythropoietin. 50 Intraperitoneal delivery of the Janus kinase 2 inhibitor AG490 or erythropoietin during the early postnatal period improved physiologic retinal vascularization in a rat model of phase 1 oxygen-induced retinopathy. 50 Activation of STAT3 by the oxidative enzyme NADPH oxidase occurred in the rat model of oxygen-induced retinopathy after exposure to supplemental oxygen 51 ; inhibition of NADPH oxidase with apocynin 52 or of STAT3 with AG490 51 inhibited vasoproliferation in phase 2.
The results of such studies suggest that inhibition of the JAK-STAT pathway may reduce pathologic features in both phases 1 and 2. However, JAK-STAT signaling protects photoreceptors from light-induced damage 53 ; therefore, additional studies are needed and may require targeted inhibition of JAK-STAT signaling.
Nutrition and Extrauterine Growth Restriction
Insulin-like growth factor 1 (IGF-1) is important in fetal growth, particularly during the third trimester of pregnancy. 54 Premature infants have insufficient production of IGF-1; without a placental supply, extrauterine growth restriction and delayed physiologic retinal vascularization can occur. Infants with extrauterine growth restriction are prone to severe retinopathy of prematurity. 55 Extrauterine growth restriction also exacerbates oxygen-induced retinopathy. 56 Administration of IGF-1 in growthrestricted mice reduced oxygen-induced retinopathy. 57 These findings support the possible role of IGF-1 in reducing severe retinopathy of prematurity.
Other substances may also affect the development of retinopathy. For example, in a rat model of oxygen-induced retinopathy, ghrelin, the appetite-stimulating hormone, reduced retinopathy if it was administered during phase 1, 58 possibly through the induction of IGF-1 and VEGF. The use of n−3 fatty acid supplementation during phase 1 may have provided protection against retinopathy in the mouse model of oxygen-induced retinopathy through suppression of microglia-produced tumor necrosis factor α. 59 Studies in rats with oxygen-induced retinopathy have shown that vitamin C and vitamin E supplementation improves retinal vascularization in phase 1. 60 Finally, the dipeptide arginyl-glutamine administered in phase 2 reduced vasoproliferation by 82% in mice in association with reduced VEGF expression, suggesting that amino acid deprivation might be considered as a contributor to oxygen-induced retinopathy. 60, 61 The 
CL INIC A L IMPL IC AT IONS
On the basis of molecular mechanisms identified in animal models of oxygen-induced retinopathy, some translational considerations for retinopathy of prematurity are presented below.
Antioxidants
Oxidative stress has long been associated with the development of retinopathy of prematurity, because the retina is rich in polyunsaturated fatty acids that are vulnerable to reactive oxygen and nitrogen, 62 and in preterm infants, the retinal antioxidant reserve is not sufficient to provide protection against reactive compounds. [63] [64] [65] However, clinical trials that tested the efficacy of various antioxidants, including vitamin E, N-acetylcysteine, and lutein, have been inconclusive or have shown unacceptable side effects in infants with retinopathy of prematurity. 66, 67 Studies of vitamin E supplementation in preterm infants were stopped because of sepsis and necrotizing enterocolitis, but a later meta-analysis of some studies suggested that vitamin E supplementation was associated with reduced stage 3 retinopathy of prematurity. 68 Thus, although it appears that oxidative stress promotes some aspects of severe retinopathy of prematurity, broad inhibition by antioxidants may not be safe.
Erythropoietin
Very-low-birth-weight infants are at high risk not only for retinopathy of prematurity but also for subsequent neurodevelopmental impairment. Interest in erythropoietin as a neuroprotective agent is increasing. When administered in preterm infants, erythropoietin was associated with improved cognition in childhood. 69 Laboratory studies have shown that early administration of erythropoietin reduced phase 1 avascularization in both mouse and rat models of oxygen-induced retinopathy. 50, 70 However, retrospective studies have shown an association between erythropoietin and severe oxygen-induced retinopathy in preterm infants. 71, 72 Erythropoietin was also found to promote intravitreal angiogenesis in a transgenic mouse model of oxygen-induced retinopathy. 73 Some investigators have proposed administering erythropoietin early in preterm infants to promote physiologic retinal vascular development and attempt to reduce the risk of development of stage 3 retinopathy of prematurity, but additional studies are needed to determine the window of time for relatively safe administration.
Anti-VEGF Agents
The Bevacizumab Eliminates the Angiogenic Threat of Retinopathy of Prematurity study, which compared intravitreal administration of the monoclonal anti-VEGF antibody bevacizumab (0.625 mg in 0.025 ml of solution) with laser therapy, showed improved outcomes with bevacizumab only for zone 1, stage 3 retinopathy of prematurity with plus disease. 12 Since publication of that report, other studies have shown serious side effects of anti-VEGF agents in some patients with retinopathy of prematurity, including progression to stage 5 disease (total retinal detachment), persistent peripheral retinal avascularization, and recurrent intravitreal angiogenesis observed even 1 year after treatment. 34 The dose of anti-VEGF agent that can reduce severe retinopathy of prematurity without adversely affecting ocular development or the development of other organs in the preterm infant remains unknown. Intravitreal bevacizumab at a dose of 0.25 mg or 0.5 mg can enter the bloodstream of preterm infants and has been reported to depress serum VEGF levels for 2 weeks, raising concern about potential adverse effects on developing organs. 74 Side effects are difficult to assess, because infants in whom severe retinopathy of prematurity develops often have neurologic and other developmental issues. Thus, the use of anti-VEGF agents to reduce severe retinopathy of prematurity may be promising, but additional studies regarding drug doses and their timing, the type of anti-VEGF agent, and safety are needed.
Nutrition
The algorithm WINROP (weight, IGF, neonatal retinopathy of prematurity) uses several factors, including serum IGF-1 levels and sequential postnatal weight gain, to evaluate the individual risk of severe retinopathy of prematurity. WINROP has been simplified to study poor postnatal weight gain as an indicator of a high risk of severe retinopathy of prematurity. 75 In the United States, the WINROP algorithm was reported to have 98% sensitivity for identifying high-risk infants. 76 However, in a Mexican patient population, the WINROP algorithm correctly predicted severe retinopathy of prematurity in 84.7% of extremely preterm infants and correctly identified only 26.6% of in- fants in whom severe retinopathy of prematurity did not develop, 77 findings that highlight potential differences among preterm infants with retinopathy of prematurity in different regions of the world. 78 Nonetheless, in populations in which WINROP has been validated, its use may reduce the burden of screening. This is an important consideration, given the growing number of preterm births worldwide and the insufficient number of ophthalmologists trained to screen infants for retinopathy of prematurity. 78 
SUM M A R Y
Models of oxygen-induced retinopathy have elucidated how oxygen stresses may lead to the development of retinopathy of prematurity through activated signaling pathways. Screening is currently carried out according to the guidelines in Table 1 . Current treatment for severe retinopathy of prematurity focuses on laser therapy and visual rehabilitation, and potential new treatment strategies include targets within oxidative pathways, erythropoietin, and anti-VEGF agents.
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